Introduction
A number of different types of particles, e.g., electrons, neutrons, protons, 7r-mesons, and heavy ions, are in use for radiotherapy. Each has specific requirements relevant to dose planning procedures. Of these, only electrons have gained widespread use, and the representation of electron beams and specific problems associated with them are the subject of this section.
Although there are many similarities between the behavior of electron beams and that of photon beams, there are also many differences. Chief among the differences is the steep fall-off of the depth-dose curve beyond the dose maximum and, indeed, it is this feature that makes electron beams attractive for radiotherapy. Another characteristic of electron beams is the broadening of the dose distribution with depth resulting in a bulged pattern in the penumbra region. Also, with increasing energy, bremsstrahlung, produced mainly in the radiation head of the accelerator, but also in a patient, may contribute significantly to the shape of the dose distribution, particularly at depths greater than the electron-beam range. Beam limiting and modifying devices strongly affect both the energy spectrum and the angular distribution of the electrons and thus greatly influence the shape of the dose distribution. Another feature is the complex behavior of electrons in and around tissue inhomogeneities due to the very important multiple scattering processes.
All of this makes the calculation of dose distributions for electrons more difficult than for photons, and methods for handling electron beams are less advanced. There is, nevertheless, already an extensive literature on the subject. Nusslin (1979) , Mohan et al. (1983b ), ICRU (1984 ), Brahme (1985 , Nahum (1985) and others have reviewed methods and models which have been found useful for calculating electron beam dose distributions. Just as for photon beams, the computational procedures are based on matrix methods, beam generating functions and analytical models.
Representation of Electron Beams

Tabular or Matrix Format
The representation of photon beam data by a matrix of numbers was described in Section 2.2.1. The same form of representation can be used for electron beams, and this method has the advantage of properly taking into account the characteristics of the dose distribution related to the machine. In its simplest version, the matrix method utilizes table look-up and interpola-tion of depth-dose data and cross-beam profiles. All matrix models possess the disadvantage of the great experimental effort required for beam data acquisition and the significant amount of storage capacity required.
As an alternative to the pure matrix format, Rozenfeld et al. (1969) and Leetz (1979) have combined matrices with off-center ratio information.
Beam Generating Functions
As for photon beams, the dose at a given point may be calculated by means of a central-axis depth-dose function multiplied by the corresponding off-axis ratio as expressed by Eq. 2.1.
Again, as for photon beams, numerous attempts have been made to determine the form ofthe two parts of the equation by using curve fitting methods. More common, however, is the use of functions, the mathematical form of which is deduced from basic principles of electron motion as predicted by transport theory. The transport equation is a statement that particles that enter a region of phase space must either leave it or remain in it. For sufficiently large depths, this equation is usually written in its diffusion approximation form (Bethe et al., 1938) :
where r represents a spatial vector and 6. <I> (r, r ) is the electron fluence at the position rand r is a variable with a dimension of area (which would be the product oftime and the diffusion constant in an ordinary diffusion equation). In neutron transport theory, Fermi (1949) called this parameter age. One group of semiempirical cross-beam distributions for electrons has been deduced from the solution of Eq. 3.1 for rectangular beams (see Appendix B.2, Part 2), and empirical values are attributed to the depth-dependent parameter r. The solution is in terms of fluence, <I>, but because the variation of stopping power with electron energy is rather small in the energy range relevant for electron therapy, fluence has been replaced by absorbed dose, D, in these solutions. The various functions based on the solution of the transport equation that have been proposed for computerized electron beam treatment planning are either direct or modified solutions ofEq. 3.1.
One example is the following expression:
The field size is a X b, F is the source-surface distance and D z(Z,T) is the axial depth-dose distribution. The only geometrically independent variable is the Fermi age, T, and values for it are usually determined empirically (see Appendix B.2). Several workers have also suggested formulae for evaluating the depth-dose distribution, Dz(z, T) (Kawachi, 1975; Steben et at., 1979) .
Other broad beam models based on semi-empirical functions are referred to in Appendix B.
Separation of Direct and Scattering Components
Dutreix and Briot (1985) derive the algorithm for electron beam calculations from that used for photon beams by Cunningham (1972) . Whereas the photon beam is separated into a primary and scatter component, the electron beam is divided into a direct and a scattered component. The direct component is estimated as the mathematical extrapolation of the experimental depth-dose curves to zero radius. It is physically equivalent to the depth dose in a pencil beam as described in Section 3.2.4. It is used-in algorithms as an analog of tissue-air ratio. An electron beam analog of scatter-air ratio is derived from the scattering component measured in phantoms with circular beams of increasing radii. The great advantage of using this algorithm is that the computer routines used to account for skin obliquity or to handle irregular shaped photon fields can be adapted for use with electron beams with minor modifications.
As is the case with photon beams, the direct component is modified by a penumbra function depending on the collimator-skin distance which must be determined for each machine.
Representations Using Basic Principles
The age diffusion treatment of this problem is derived from basic principles. It was included in Section 3.2.2 because it is also used in an empirical way.
An alternative procedure is based on the idea that every electron beam-irrespective of its shape-can be built up of infinitesimal pencil beams. The dose at a point (x,y,z) in a broad electron beam then becomes the summation, over the beam cross section, of a set of pencil beams 3.2 Representation of Electron Beams . .. 13 D(x v z) = D [ _]:, __ J2 IV" IX" I(f , 11 , z) . ,-, 0
where I(f ,11 ,z) is the relative energy fluence of a pencil beam incident at a position given by (f ,11 ,z), and g(xf ,y -11 ,z) is the cross-beam distribution function of the pencil beam. The beam is considered to be rectangular of size 2Xo X 2Y o , and Do is the dose on the axis at depth z = 0 for a very large beam. The problem is, therefore, reduced to that of describing the pencil beams, and perhaps the most common form chosen for this is a Gaussian function:
where r is the lateral distance from a point to the axis of the pencil beam, z is the depth and, rms is the depthdependent root mean square radial displacement from the axis. This form of the elementary beam was originally derived theoretically assuming that only smallangle scatterings take place and should, therefore, be valid only for small depths in an absorber. However, it turns out that the cross-beam distribution functions derived using Eqs. 3.3 and 3.4 by integration, e.g., over a rectangular beam cross-section (see Appendix B.2), are formally identical with those obtained from the diffusion approximation approach, with 'rms corresponding to 2/i (see Appendix B.2). This result is explained by the circumstance that, in the case of a point source or line source, Eq. 3.1 can be solved by a Gaussian distribution (Harder, 1965) . The Gaussian elemental beam is, therefore, a common feature of both the diffusion approximation and of the smallangle approximation approach, and this has made it possible to use empirically determined values of'rms over the whole penetration depth of the electron (see Appendix B.2). In this formalism, the only free parameter is 'rms which has been evaluated theoretically. A simpler, but less accurate method is to evaluate 'rms from smallangle multiple scattering theory (Abou Mandour and Harder, 1978; Hogstrom et al., 1981; Brahme et al., 1981; Jette et al., 1983; Bruinvis and van Amstel, 1983) . A more accurate method involves the use of measured values of'rms (Perry and Holt, 1980; Werner et al., 1982; Schroder-Babo and Harder, 1982; Kozlov and Shishov, 1982; Abou Mandour et al., 1983) .
Monte Carlo calculations describing electron beam interactions are much more complicated than those for photons. The electron, in slowing down, suffers an exceedingly large number of collisions and a rigorous description of electron behavior would require each of these to be examined. This cannot be done and the collisions must be taken in groups and the interaction parameters must be determined from statistical considerations (Berger, 1963; Harder, 1965; Abou Mandour, 1978; Nelson, 1980) . Monte-Carlo calculated pencil beams have been implemented into cross-beam distributions of broad beams by Harder and Abou Mandour (1976) using Eq. 3.3.
Eq. 3.3 is, in form, a convolution integral and has the potential of evaluation by Fourier transform methods. This is also discussed in Section 2.2.4.
Electron-Beam Modification
Rectangular Fields
The energy spectrum and the angular distribution of the electrons in a clinical electron beam show significant broadening due to scatter in the radiation head of the accelerator (exit window, ionization chamber assembly, scattering foils, etc.) and at beam limiting devices [collimators, cones (ICRU, 1984) ]. The scatter contribution to the absorbed dose depends on the machine design and may be specific to each machine (Lax and Brahme, 1980) . The effect on the dose distribution may be significant and, therefore, more than for photon beams, electron dose-distributions should be checked by measurement.
Irregular Fields
Individually cut lead sheets or masks are frequently used in conjunction with the machine's collimator to produce irregular shaped fields. Sometimes, also, electron beam shaping is performed by means of magnetic fields (Paliwal et at., 1979) . Basically, only three methods are capable of handling calculations for such fields; the matrix method (see Section 3.2.1); the separation of direct and scattering components (see Section 3.2.3) and the pencil beam method, where the irregular field is made up of a number of elemental beams (see Section 3.2.4).
Beam Data Acquisition
The methods for acquiring dose data for electron beams are substantially the same as those for photon beams and Section 2.4 should be consulted.
